Abstract: A novel green approach for the synthesis of silver nanoparticles using erythromycin as a reducing/capping agent is presented. Erythromycin-derived silver nanoparticles were characterized by ultraviolet-visible spectroscopy, scanning electron microscopy, high resolution transmission electron microscopy, X-ray powder diffraction, and Fourier transform infrared spectroscopy. Monodispersed silver nanoparticles showed excellent and promising catalytic activity for reduction of 3 differently charged dyes (eosin B, methylene blue, and rose bengal) in the presence of NaBH 4 . The study revealed that 100% reduction of these dyes can be achieved efficiently in just 150-250 s. They were easily recovered from the reaction medium and were reused 5 times, showing enhanced catalytic potential each time. Glass-supported Ag(0) NPs (0.15 mg) were removed by washing sequentially and reused 5 times for catalytic reduction of these dyes at 10 µ M. All dyes were successfully reduced by erythromycin-derived silver nanoparticles up to 7%. Based upon these results, it was concluded that erythromycin-derived silver nanoparticles are a novel, rapid, and highly economical alternative for environmental protection against pollution caused by dyes and can be extended for the control of other reducible contaminants.
Introduction
Metallic silver is an increasingly important material in several technologies either in bulk form or finely discrete. Silver displays exclusive properties associated with the noble metals (excellent electrical conductivity, chemical stability, catalytic activity), besides other more precise ones (antibacteriostatic effects, nonlinear optical behavior, etc.).
1 Silver nanoparticles (Ag(0) NPs) have attracted attention due to their surface plasmon resonance, which can be easily monitored by UV-visible spectrophotometer. 2 Previously silver nanoparticles were prepared by several methods like hydrothermal synthesis, 3 sonochemical method, 4 and electron beam irradiation 5 using many other reducing agents like 3,4-ethylenedioxythiophene (EDOT), 6 ibuprofen (analgesic), 7 and cefditoren (antibiotic). 8 Some researchers used plant extract for the synthesis of silver nanoparticles. 9−11 Silver possesses several characteristics like significant size-and shape-dependent optical properties, major efficiency of surface plasmon excitation, and the highest electrical and thermal conductivity in bulk among all metals. 3 These distinctive properties have led to promising applications of silver nanoparticles in the fields of catalysis, 8, 12 development of nanosensors, 7 antimicrobial activity, 13−17 and so on.
Today, dyes are among the most common organic industrial pollutants. Dyes liberated as waste products from the textile, plastics, paper, food, leather, and cosmetic industries etc. are a major source of toxic species in the form of colored wastewater. These colored species are posing a great threat in the photosynthetic process in aquatic plants due to meager light penetration.
18−21 Moreover, some azo dyes and their degradation products such as aromatic amines are highly carcinogenic. 22 Many processes have been implemented for decolorization of dyes using methods such as adsorption, 23 degradation, 24−26 oxidation, 27,28 and catalytic reduction.
29−32
However, in order to save energy and having safer operations together with avoiding use of organic solvents, it would be interesting and meaningful to develop a new process for detoxification in aqueous solution under mild conditions with minimal energy consumption. Furthermore, this new process could be used for treatment of wastewater containing mainly dyes without complicated composition.
The aim of this study was to synthesize small Ag(0) NPs and to further investigate their activity as a heterogeneous, recoverable, and reusable catalyst for exceptionally faster and complete reduction of the dyes eosin B (EB), rose bengal (RB), and methylene blue (MB). To the best of our knowledge, there is no simple and quick method by which erythromycin-derived Ag(0) NPs are reported for catalysis of dyes at room temperature.
Herein we report a novel, easy, rapid, and one-step method for synthesis of well-stabilized Ag(0) NPs and their catalytic activity.
Results and discussion

UV-Vis study
UV-Vis spectroscopy was used to optimize various parameters such as concentration of different ingredients like silver nitrate, erythromycin standard, and sodium hydroxide. Very small and blue-shifted nanoparticles were synthesized using 0.5% solution of AgNO 3 , 0.5% standard, and 0.01 M NaOH. The UV-Vis spectra were recorded after 1 h (Figure 1a 
FT-IR study
The capping of Ag(0) NPs by erythromycin can be explained with the help of observations made in IR studies.
It is evident that the region between 3500 and 3200 cm −1 represents OH stretching peaks. 34 The vibration peak at 3467 cm −1 for erythromycin was shifted towards 3461 cm 
SEM study
SEM images of Ag(0) NPs are indicated after 10 min of mixing of all the solutions (Figure 3 ). According to the previous image, it was observed that most of the particles were cylindrical rod-like in the range of 11 × 33 nm-76 × 597 nm with an average size of 56 × 288 nm. There were also some very fine nanospheres, nanorods, or nanowires with very small dimensions. Even some scattered nanorods ranging from 11 × 28 nm to 62 × 288 nm are also seen in Figure 3 . 
HR-TEM analysis
The morphology of Ag(0) NPs was investigated by HR-TEM. It was observed that small and monodispersed Ag(0) NPs were synthesized with the help of antibiotic. The particle size of Ag(0) NPs was calculated as 14.2 ± 3.1 nm and they were spherical as shown in Figure 4 . A number of methods have been reported for synthesis of Ag(0) NPs and characterized by HR-TEM. 8 These smaller monodispersed nanospheres promise to have superior catalytic activity for some specific applications. 
XRD study
XRD powder pattern with line profile fitting of Ag(0) NPs is presented in Figure 5 . Nearly 2 mg of dark black solid sample was analyzed having Ag(0) NPs with a face centered cubic (FCC) structure. 35, 36 The mean size of the crystallites was estimated from the powder diffraction pattern by implementing line profile fitting using
Eq.
(1) as given in Wejrzanowski et al. 37 The calculated crystallite size was found to be 13 ± 4 nm. 
Reduction of MB
To examine the catalytic efficiency of Ag(0) NPs in an aqueous system, MB was selected. MB showed surface plasmon resonance at 662 nm. Actually MB is cationic in nature. As indicated in Figure 6a , there is no reduction of MB in the absence of NaBH 4 . A very small reduction of MB was observed with NaBH 4 in the absence of Ag(0) NPs for 1 h. It was observed that in the absence of catalyst the strong reducing agent NaBH 4 was unable to reduce MB. It reduced MB up to 7.7%. Reduction of MB was done by NaBH 4 ; Figure 6a shows the reduction of 10 µ L of MB without NaBH 4 and Figure 6b shows the reduction of 10 µ L of MB with 200 µ L of 0.1 M NaBH 4 (spectra were taken 1 h after the addition of NaBH 4 ).
We then compared our results with previously published results. 
Reduction of RB
The catalytic activity of small Ag(0) NPs was checked for the reduction of RB by applying NaBH 4 as reducing agent. The mixture of RB and NaBH 4 was examined for 24 h and a very small reduction was noted ( Figure   7a ). RB reduction was done in the presence of NaBH 4 ; 10 µL of RB without NaBH 4 ( Figure 7a 
Reduction of EB
To explore the efficiency of Ag(0) NPs in an aqueous system, EB showed surface plasmon resonance at 515 nm. A small reduction of EB was observed with NaBH 4 in the absence of Ag(0) NPs for 1 h. It was observed that in the absence of catalyst the strong reducing agent NaBH 4 was unable to reduce EB. It reduced EB up to 8.7% (Figure 8a 
Recycling and reuse of Ag(0) NPs
Glass-supported Ag(0) NPs (0.15 mg) were removed by washing sequentially and reused 5 times for catalytic reduction of these dyes at 10 µ M. The reducing potential of recovered and reused Ag(0) NPs for MB, RB, and EB was calculated (Figures 9a-9c) . The potential of Ag(0) NPs for bleaching of color was apparent. However, the decrease in the activity of Ag(0) NPs was still not very low. This behavior confirmed that recovered Ag(0) NPs were highly active even with some possible loss during each repeated washing. The slow deactivation of catalysts Ag(0) NPs also confirmed that poisoning of catalysts was insignificant. This work promises sound environmental safety for several water-based systems against dye pollution.
Conclusion
In this study, nano-sized spherical Ag(0) NPs were synthesized with the help of erythromycin as a reducing agent as well as stabilizing agent. These nanoparticles were stable in solution for a very long time without any aggregation. The synthesized nanoparticles were confirmed by characterization techniques such as UV-Vis, SEM, HR-TEM, XRD, and FT-IR. The interaction of bonding formation was confirmed by FT-IR spectrophotometer. The morphology of Ag(0) NPs was observed by HR-TEM analysis and crystalline pattern was confirmed by powder XRD. The synthesized Ag NPs were confirmed as the best catalyst with enhanced rates of reduction for EB, MB, and RB. The present study is the first report about the use of erythromycin Ag(0) NPs as reduction catalysts for EB, MB, and RB and is expected to open new doors for their further catalytic applications in analogous and other experiments compassing environmental and industrial usage.
Experimental
Chemicals
All chemicals and reagents (NaOH, AgNO 3 , NaBH 4 , RB, MB, and EB) used in this study were of high purity and analytical grade. Erythromycin was purchased from Fluka. 
Instrumentation
UV-Vis spectra of Ag(0) NPs containing solution were recorded with a model Lambda 2 spectrometer from PerkinElmer. An analytical scanning electron microscope (ASEM) model JSM 6380A from Jeol Company was used for SEM imaging of a dried drop from Ag(0) NPs containing solution on a microscopic glass cover slip just after coating with a gold layer for 5 min duration in a DC ion sputter model JFC-1500.
FT-IR spectra were recorded in transmission mode (PerkinElmer BX FT-IR) on powder samples that were ground with KBr and compressed into a pellet. FT-IR spectra in the range 4000-400 cm −1 were recorded in order to investigate the nature of the chemical bonds formed.
X-ray powder diffraction (XRD) analysis was conducted on a Rigaku Smart Lab Diffractometer operated at 40 kV and 35 mA using Cu Kα radiation.
High resolution transmission electron microscopy (HR-TEM) analysis was performed using a JEOL JEM 2100 microscope. A drop of diluted sample in alcohol was dripped on a TEM grid.
Synthesis of erythromycin-derived Ag(0) NPs
For a typical synthesis, 0.05 mL of erythromycin standard solution was mixed with 0.1 mL of AgNO 3 (0.5%) and 0.03 mL of NaOH solutions to synthesize Ag(0) NPs. The accelerating property of Ag(0) NPs was observed by measuring the UV-Vis spectra. Here we highlight the use of erythromycin as reducing as well as capping agent for fabrication of silver nanoparticles.
Catalysis study of silver nanoparticles
The catalytic effectiveness of silver nanoparticles was monitored for MB, RB, and EB. The catalytic reduction of these dyes was carried out in a standard quartz cell with 1-cm path length and about 3-mL volume containing Ag(0) NPs encumbered pieces of glass. Under optimized conditions, the catalytic reaction procedure for MB, RB, and EB was performed as follows: 0.4 mL (100 µ M) of each dye was taken individually in a quartz cell followed by the addition of 2.80 mL of Milli Q water then adding 0.4 mL of 0.1 M NaBH 4 . After careful and immediate addition of 0.15 mg of Ag(0) NPs, they were immobilized on pieces of glass and put in a quartz cell for the reduction process. The absorption spectra were monitored by a UV-Vis spectrophotometer with a time interval of 50 s in a scanning range of 400 to 700 nm.
